The objectives of this work were to isolate and characterize the polyhydroxyalkanoate (PHA) producing bacteria in enriched piggery sludge and make methyl esters from PHA for industrial applications. The strain ECAe24 isolated from piggery sludge with the highest PHA production was selected to produce PHA and then methyl ester by trans-esterification using glucose as substrate under mesophilic conditions. The final product after trans-esterification consisted of approximately 75.39% of fatty acid methyl ester and was identified as decanoic acid-3-hydroxy-methyl ester, octanoic acid-3-hydroxy-methyl ester, and some other contents. The novelty of this study is to use PHA-producing bacteria from piggery sludge to make fatty acid methyl esters which can be used as materials for producing biodiesel from piggery wastes.
INTRODUCTION
The conventional method of treating piggery wastewater in Taiwan is the three-step piggery wastewater treatment system, involving solid/liquid separation, anaerobic treatment and aerobic treatment (Su et al. ) . Since piggery wastewater is organic-rich, it is treatable by biological approaches such as anaerobic digestion and aeration with activated sludge. Excessive accumulation of sludge in piggery wastewater treatment facilities can significantly reduce treatment efficiency. Thus, it would be beneficial if the excessive sludge can be recycled as a resource for producing polyhydroxyalkanoate (PHA) for future industrial applications (Oshiki et al. ) .
Many bacteria synthesize intracellular PHA when a carbon source is provided in excess to other nutrients such as nitrogen, sulfur, phosphorus or oxygen and exposed to environmental stress, such as the limitation of an essential growth nutrient. The PHA can be the carbon source supplied to the bacteria as their intracellular energy and carbon storage inclusions. Physical properties of PHA resemble those of synthetic polymers such as polyethylene and polypropylene (Akaraonye et al. ) . PHAs are currently under intensive study in academia and industry because of their potential use in biodegradable plastics and elastomers (Poirier et al. ) . In addition to their application in packaging, PHAs are used for the pharmaceutical industry (Zinn et al. ) and biofuel (Zhang et al. ) .
The PHA-producing bacteria isolated from enriched piggery sludge were evaluated in this study. In addition, the most efficient bacterial strain among those isolates was used to produce fatty acid methyl esters using glucose as the sole carbon source.
MATERIALS AND METHODS

Microorganisms
All bacterial strains analyzed in this work were isolated from piggery sludge of commercial pig farms in Miaoli County, Taiwan. Pseudomonas putida (BCRC 10459) and P. oleovorans (ATCC 29347) obtained from the Bioresource and Collection and Research Center (BCRC) of the Food Industry Research and Development Institute (FIRDI) in Taiwan were used as the control strains for screening PHA producers.
Piggery sludge samples
Both activated and anaerobic sludge samples were collected from two commercial pig farms, Ping-Soon Pig Farm (Farm 1) and Jeng-Yu Pig Farm (Farm 2) in Taiwan. Samples were collected with polycarbonate bottles and immediately transported to the laboratory for analysis.
Extraction of PHA from piggery sludge and cells of isolates
The sludge and bacterial PHA were analyzed using the methods developed by Comeau et al. () and Brandl et al. () . PHB-co-12 wt% PHV (Sigma-Aldrich, USA) was used as the PHA standard.
Pseudomonas oleovorans (ATCC 29347) produces PHA such as polyhydroxyhexanoate (PHHex-C6), polyhydroxyheptanoate (PHHep-C7), polyhydroxyoctanoate (PHO-C8), polyhydroxynonanoate (PHN-C9), and polyhydroxydecanoate (PHD-C10) with sodium octanoate and sodium nonanoate (Brandl et al. ) . The PHA were purified by repeatedly precipitating/dissolving the polymer with methanol and chloroform until off-white solid (PHA) collected. The final precipitate was dried and dissolved in acidified methanol before use as standard. Standards and samples were analyzed in triplicate.
Qualitative and quantitative analyses of PHA monomers
The PHA monomers in sludge or enrichment bacterial cell samples were qualified and quantified by gas chromatography-mass spectrometry (GC/MS) (Agilent 6890/5973; Agilent Technologies Inc., California, USA) and GC-flame ionization detector (GC/FID) (Shimadzu GC-14B; Shimadzu Corporation, Kyoto, Japan), respectively. Samples for both GC analyses were prepared as described previously. The GC/FID was equipped with an INNOWAX (30m × 0.25 mm, i.d. × 0.25 μm film thickness) column (Agilent Technologies Inc.) and GC/MS was equipped with an Agilent HP-5MS column (30 m × 0.25 mm, i.d. × 0.25 μm film thickness).
Isolation and screening of PHA-producing bacteria A 5-gram sludge sample was inoculated into 100 mL of a mineral salt medium (MSM) (pH 7.2) (Ramsay et al. ) . The MSM was supplemented with 1% (w/v) glucose as the sole carbon source. After incubation at 30 W C for 3 days, the suspension was diluted in saline solution (0.9% NaCl) and plated on MSM plates containing 1.5% agar, 1% (w/v) glucose, and 0.5 μg/mL Nile red stain (Spiekermann et al. ) . When sufficient cell growth on agar plates was observed at 30 W C, they were then exposed to ultraviolet light (320 nm) to detect PHA production. All pink or orange fluorescent colonies were selected and purified by the methods of Ramsay et al. () . 
Spectrofluorometric monitoring of PHA accumulation in bacterial isolates
The bacteria used in this assay were Escherichia coli JM109 (negative control), P. putida BCRC 10459 (positive control), and PHA-producing strains isolated from the sludge of pig farm wastewater treatment facilities. PHA were monitored spectrofluorometrically with Nile red following the procedure of Berlanga et al. () . The relative PHA content of the cells, as indicated by the intensity of the Nile-red orange fluorescence, was measured using an Infinite M200 spectrofluorometer (TECAN, Hombrechtikon, Switzerland). The fluorescence excitation and emission wavelengths of stained cells in 0.1 mol/L glycine-HCl (pH 3) were 488 nm and 530-650 nm, respectively.
Molecular characterization of bacterial strains
Bacterial strains were molecularly characterized by RAPD grouping (Huey & Hall ) , 16S rDNA PCR amplification, and sequencing. Eubacterial 16S rDNA was amplified with primers 27F (5 0 -AGA GTT TGA TCC TGG CTC AG-3 0 ) and 1492R (5 0 -GGT TAC CTT GTT ACG ACT T-3 0 ). Fragments were sequenced with an automated ABI 3730 DNA sequencer (Applied Biosystems, California, USA). Both DNA strands were sequenced and the reactions were performed using a Dye Terminator cycle sequencing kit (Applied Biosystems, California, USA). The Basic Local Alignment Search Tool (BLAST) program was used to compare sequences with those in the GenBank database. A DGGE profile was performed according to Hilyard et al. () . Selected bands from DGGE gels (figure not shown) were characterized for phylogenetic analysis. For phylogenetic analysis, sequences were aligned automatically by the multiple sequence alignment program CLUSTAL_X 1.83 (Thompson et al. ) . Phylogenetic and molecular evolutionary analyses were performed with the MEGA version 4.0 software package (Tamura et al. ) , and evolutionary distances were calculated by neighbor-joining method and Kimura two-parameter distance measure. Confidence values were estimated from bootstrap analyses of 1,000 replicates. Methanococcus vulcanus M7 T (AF051404) was the designated outgroup in the analyses; other related sequences were obtained from GenBank.
Production of methyl ester from the strain ECAe24
The formula used as a medium for strain ECAe24 cultivation includes (g/L): Na 5H 2 O, 0.01. Strain ECAe24 suspension (300 mL) was inoculated into a 5 L fermenter (Major science, MS-F1, USA) with 3L medium containing a 3 mL trace element solution under controlled conditions (30 W C, agitation at 300 rpm, and air flow at 3 L/min) for biomass production. After 24 h of incubation, the cell mass was collected from the cell suspension by centrifugation (10,000 rpm, 4 W C, 5 min). The cell mass was washed with deionized water twice and kept under À80 W C for 24 h. The lyophilized cell mass was ground for extracting biopolymer.
The ground cell mass sample (0.05 g) was reacted with solvent solution (5 mL chloroform, 4.25 mL methanol, and 0.75 mL 98% sulfuric acid) at 100 W C for 140 min. The mixture was subsequently cooled to room temperature. Then 2.5 mL deionized water was added into the samples with agitation for 10 min. After a separate layer was obtained, the bottom layer (chloroform layer) was collected. The chloroform layer was evaporated using a rotary evaporator (Heidolph, LABOROTA 4000, Germany) to obtain methyl ester, a viscous brown liquid. This brown liquid was then qualitatively analyzed by GC/ MS. Five millilitres of 0.1 mol/L NaOH and 2 mL methanol were incorporated into 0.5 mL viscous liquid sample in a test tube (16 × 150 mm) and the mixture was vigorously vortexed at 100 W C for 30 min. The mixture was subsequently cooled to room temperature. The supernatant was then diluted 10-fold with methanol and the diluted supernatant (inject volume ¼ 1 μL) was used for GC/MS analysis. All GC/MS peaks were identified based on the data bank NIST 2008.
RESULTS AND DISCUSSION
Analysis of PHA content in piggery sludge samples
The PHA production was 0.3-1.1% of cell dry weight (CDW) in original sludge samples and 1.8-18.8% of CDW in enrichment bacterial cultures. More 3HV monomer was detected in the PHA copolymers than 3HB monomer for either original or enrichment anaerobic sludge samples from both Farm 1 and 2 by GC (Table 1) . However, more 3HD monomer was detected in the PHA copolymers than 3HV and 3HB only for enrichment aerobic sludge samples from Farm 2 (Table 1) . Mixed cultures selected for PHA production can have a high intracellular storage capacity due to operational conditions that limit their primary metabolism (Dias et al. ) . For practical use in mcl-PHA production, 3HO and 3HD must be adjusted by enriching anaerobic or aerobic piggery sludge.
Isolating and screening PHA producers
Of the 101 isolates, 53 contained genes encoding PHA synthase. The presence of phaC homologues in these 53 isolates combined with the phenotypic evidence of accumulated lipophilic storage inclusion suggests that these strains are capable of PHA production. Comparing predicted amino acid sequences of the partial phaC1 from six selected strains with those of P. nitroreducens, P. oleovorans, Ae. hydrophila and Acinetobacter sp. showed that the phylogenetic analysis of phaC1 of isolated strains and control microorganisms is very close and also the presence of phaC1 homologues in these isolates (Kung et al. ) .
The kinetics of PHA accumulation in P. putida BCRC 10459 (positive control) and E. coli JM109 (negative control) were compared with all isolates. Each experiment was performed in triplicate. The lipid concentration in non-PHA-producing E. coli approximated the background level that was detected spectrofluorometrically. Of the 53 isolates, 7 PHA-producing isolates, ECAe24, ECAn16, ECAn6, ECAn8-1, EPAe52, EPAn59, and EPAn60 showed a higher fluorescence intensity compared with other isolates at 48 h (Figure 1) .
Sequencing of the 53 identified PHA-producing bacteria revealed limited diversity. Most bacterial strains were affiliated with Pseudomonas spp., and one of each was affiliated with Acinetobacter sp. and Klebsiella sp., Pseudomonas species have been the most commonly isolated bacterial strain producing PHA from activated sludge ( 
Quantification of isolates and analysis of PHA composition
Analyses of strains grown in 1% glucose shaking cultures at 30 W C for 48 h showed PHA accumulations of 32.4-52.7% ECAe24 3.7 ± 0.3 2.0 ± 0.9 15.9 ± 0.9 78.4 ± 9.5 52.7 ± 4.7 EPAn16 6.8 ± 1.4 3.6 ± 1.1 15.7 ± 2.9 73.8 ± 6.2 36.1 ± 1.0 ECAn6 7.9 ± 0.1 4.5 ± 0.2 17.2 ± 0.6 70.4 ± 1.6 32.4 ± 4.2
ECAn8-1 3.1 ± 1.1 1.7 ± 0.3 14.0 ± 6.0 81.3 ± 11.9 44.4 ± 2.9 EPAe52 2.8 ± 0.6 2.6 ± 0.1 10. of CDW in seven strains and that the main PHA constituent was 3HD (70.4-81.3 mol%) by GC (Table 2 ). Analytical data showed that the amount of PHA production comprised 32.4-52.7% of CDW (Table 2 ). The 3HV contains five carbons, but the 3HHep, 3HO, and 3HD are all mcl-PHA, which have good potential for use in mcl-PHA production. Thus, strains ECAe24 (78.4 mol% 3HD, 52.7 mol% PHA) and EPAe52 (84.2 mol% 3HD, 46.0 mol% PHA) were good candidates for producing mcl-PHA. Strains EPAn60, ECAe24, ECAn6, and EPAn16 were identified and affiliated with P. aeruginosa, and ECAn8-1 was affiliated with P. putida. The EPAe52 and EPAn59 isolates were identified and affiliated with P. taiwanensis (Figure 2 ). Phylogenic analysis of DGGE bands showed that Bands 1 to 3 were related to Citrobacter sp. 40 (HQ399664), Pseudomonas sp. TSH17 (AB508848), and Aeromonas trota ATCC 49657 (X60415), respectively. Bands 4 and 5 were related to Stenotrophomonas maltophilia LMG 11114 (X95925). Bands 6 to 9 were related to Pseudomonas putida BN-St (EU439424), Stenotrophomonas acidaminiphila AMX 19 (AF273080), Thermomonas fusca LMG 21739 (AJ519988), and Acinetobacter sp. PD12 (AY673994), respectively. Bands 10, 11, 12, and 13 were related to uncultured bacterium clones (Figure 2) .
Comparison of PHA accumulation with well-studied PHA producers using glucose as carbon source showed that the amount of PHA production by Pseudomonas sp. DR2 (Song et 02, 10.6, 20, 22 , and 52% of CDW, respectively. The amount of PHA production by the ECAe24 isolate in this study can be comparable to P. stutzeri 1317 (He et al. ) .
Production of methyl ester from the strain ECAe24
The strain ECAe24 was selected to produce biopolymers and then methyl ester by trans-esterification using glucose as the sole substrate under mesophilic conditions. Qualitative analysis of the final product after trans-esterification consisted of approximately 75.39% of fatty acid methyl ester and was individually identified as decanoic acid-3-hydroxy-methyl ester (50.25%), octanoic acid-3-hydroxymethyl ester (16.21%), 2-decenoic acid, methyl ester (5.04%), methyl 3-hydroxytetradecanoate (2.17%), and methyl 3-hydroxydodecanoate (1.72%) by GC/MS (Table 3) . Those fatty acid methyl esters can be used to produce biodiesel.
CONCLUSION
Some bacterial strains were isolated and with PHA accumulation capability. Furthermore, the strain ECAe24 showed a higher PHA content than other isolates with either 22% of CDW (Dalal et al. ) or 52% of CDW (He et al. ) . The PHA from the strain ECAe24 can be extracted and trans-estered to produce methyl ester. The liquid part of piggery wastewater contained alkanoates such as acetate, propionate, butyrate, iso-butyrate, valerate, iso-valerate, and hexanoate (Cho et al. ) . The experimental results of Cho et al. () showed that twofold-diluted piggery wastewater increased copolymer production by 8.6 times when supplemented with 20 g/L glucose. Results of some preliminary experiments showed that the strain ECAe24 quickly grew in autoclaved piggery wastewater. The strain ECAe24 from piggery sludge is planned to be applied to restore fatty acids in the liquid part of piggery wastewater for producing methyl ester and biodiesel. 
